While investigating the conversion of cellulosic biomass to starch-like materials 17 for industrial use, it was observed that the overexpression of native ADP-glucose 18 pyrophosphorylase GlgC in Escherichia coli led to the formation of insoluble 19 polysaccharide granules within the cytoplasm, occupying a large fraction of the cell 20 volume, as well as causing an overall increase in cellular polysaccharide content. TEM 21 microscopy revealed that the granules did not have the lamellar structure of starch, but 22 rather an irregular, clustered structure. On starvation, cells overexpressing GlgC 23 appeared unable to fully degrade their polysaccharide material and granules were still 24 clearly visible in cultures after 8 days of starvation. Interestingly, the additional 25 overexpression of the branching enzyme GlgB eliminated the production of granules 26 and led to a further increase in cellular polysaccharides. GlgC is generally thought to be 27 responsible for the rate-limiting step of glycogen synthesis. Our interpretation of these 28 results is that excess GlgC activity may cause the elongation of glycogen chains to 29 outpace the addition of side branches, allowing the chains of adjacent glycogen 30 molecules to reach lengths at which they spontaneously intertwine, forming dense 31 clusters that are largely inaccessible to the host. However, upon additional upregulation 32 of the GlgB branching enzyme, the branching of the polysaccharide is able to keep 33 speed with the synthesis of linear chains, eliminating the granule phenotype. This study 34 suggests potential avenues for increasing bacterial polysaccharide production and 35 recovery. 36 37 Importance 38 3
GlgC16 (G335D), which is resistant to normal feedback inhibition by AMP (28) . 135 However, on overexpression of GlgC in E. coli MG1655 JM109, we observed large 136 insoluble bodies within the cells, apparently composed of glucose polymers. To the best 137 of our knowledge, this phenomenon has not previously been reported, although 138 glycogen synthesis has been extensively studied. Here the preliminary characterization 139 of these inclusions is described. In order to create cells with a higher polysaccharide content, GlgC and GlgC16 were 143 overexpressed in Escherichia coli JM109 from a high copy number plasmid, pSB1C3, 144 using a lac promoter (pJW-glgC and pJW-glgC16, respectively). The same plasmid 145 with lac promoter and lacZ' alone (pJW-lacZ) was used as a control (table 3) . Cells 146 bearing pJW-glgC or pJW-glgC16 grown in the presence of lactose were found to 147 contain higher levels of polysaccharide than controls as expected and, correspondingly, 148 to stain a darker colour with iodine (figure 2). Cells were treated with CuSO4 and H2O2 149 in order to stabilise the colour change with iodine (29) . The effect of this treatment on 150 the intensity of staining of starch-iodine reactions was investigated to ensure it did not 151 interrupt the linear trend of colour intensity to polysaccharide content, and was found 152 not to interrupt this linearity. 153 Unexpectedly, cells transformed with either pJW-glgC or pJW-glgC16 were also 154 found to contain large inclusions, clearly visible under phase contrast microscopy, 155 which were absent in cells containing a control plasmid. These inclusions stained darkly 156 with iodine against the unstained cell body, appearing vivid blue under phase contrast material was also seen to be present in the cell debris rather than the soluble fraction 159 (figure 2B). SDS-PAGE analysis showed no large new bands in the cytoplasm or cell 160 debris compared to controls, indicating that the inclusions were not composed of 161 misfolded protein. 162 It was hypothesised that an increased supply of ADP-glucose provided by the 163 upregulation of glgC allowed glycogen synthase activity to reach a previously 164 unrealised potential and outstrip the activity of the branching enzyme. To test this 165 hypothesis pJW-glgCB was constructed, bearing glgC followed by glgB, both under the 166 control of the lac promoter (table 3). In line with the prediction, E. coli JM109/pJW-167 glgCB produced increased levels of polysaccharide compared to the control, although 168 unexpectedly the increase was found to be far greater still than for those cells 169 transformed with the additional glgC alone (figure 3A). Also in line with predictions, 170 cells transformed with pJW-glgCB were seen to stain the typical red-brown of glycogen 171 in reaction with iodine ( figure 3 , B and C) and did not contain visible inclusions by light 172 microscopy. All cultures were analysed by transmission electron microscopy, where 173 both of the novel tranformants showed a marked phenotype different from controls 174 (figure 4). The inclusions found in E. coli JM109/pJW-glgC cells were seen to have a 175 granular internal structure. Cells transformed with pJW-glgCB were seen to contain an 176 abundance of inclusive matter dispersed throughout the cells. In the case of both 177 transformants, the inclusive matter was observed in around a third of cells.
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It was also observed that E.coli JM109/pJW-glgCB cultures reached higher 179 densities than those of the control. To investigate this further, growth curves were 180 obtained for the different transformants in both LB and modified Kornberg medium, 181 substituted with lactose and IPTG (figure 5). E. coli JM109/pJW-glgCB showed slower 182 9 initial growth than the control for the first five hours growth in LB, but then continued 183 to increase in cell density and plateaued at a higher density than any of the other 184 transformants. Cells transformed with pJW-glgC showed an even slower initial growth 185 rate, only reaching the same density as the control after around eight hours growth in 186 LB, and were never seen to exceed the cell density of the control in this medium. A 187 similar pattern was seen in the modified Kornberg medium, although all cultures 188 reached a higher final density and the differences between final culture densities were 189 less clear. Cells transformed with pJW-glgB showed an almost identical growth curve to 190 the control in all circumstances.
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It was subsequently tested whether the polysaccharides were accessible to cells 192 under starvation conditions. Cultures of all transformants were grown to the same 193 optical density in a way that was expected to maximise their polysaccharide content, showed a much greater reduction in culture density than the control over this time, and 201 was never observed to fully deplete their polysaccharide stores. However, the greatest 202 reduction in culture density was seen in E. coli JM109/pJW-glgCB. Furthermore, these 203 cultures were also never able to fully deplete their polysaccharide stores, even when the 204 experiment was repeated over 264 hours to clarify ambiguous results ( figure 6C ). In all 205 cases E. coli JM109/pJW-glgB was once again observed to behave in a way similar to bodies, since unbranched regions of glucan chains would no longer be able to grow long 250 enough to wind together into double-helices, and furthermore the steric interference 251 caused by the dense packing of glucan branches, which theoretically limits the growth 252 of native glycogen granules, would be reintroduced. However, the cells were still 253 expected to show the high sugar content seen in those transformed with glgC, since the 254 glycogen synthase would still be able to synthesise chains at the increased rate. All 255 these phenotypes were observed, with the added observation that, rather than 256 synthesising the same high levels of polysaccharide as the glgC transformed cells, those 257 transformed with both glgC and glgB showed more than double their total sugar 258 content. 259 Furthermore, this work has shown that E. coli JM109/pJW-glgCB grow to a 260 significantly higher culture density than E. coli JM109/pJW-lacZ grown under the same 261 conditions. However, contrary to predictions, they have also proved to be far more 262 vulnerable when exposed to starvation conditions, with culture densities dropping to 263 less than one third of the control after nine days (the optical density readings that led to 264 this conclusion correlate well with protein assays from the same cultures, suggesting 265 they give an accurate measure of biomass rather than, for example, being an artefact of 266 increased light scattering caused by the inclusion bodies). The excess storage sugar is 267 therefore perhaps an added stress to these cells under such conditions. E. coli 268 JM109/pJW-glgC were also more vulnerable to starvation conditions than the E. coli 269 JM109/pJW-lacZ control, and also showed the slowest growth rate of any of the The remaining wells surrounding the culture samples were filled with 100 µl of sterile 330 media. In the first instance, 100 µl was transferred from each culture to a 96 well plate 331 twice, using two separate plates that were run simultaneously. In the second instance, 332 only one aliquot was transferred from each culture, so that a single plate was used. The and to each was added 0.66 ml Anthrone Reagent (table 1) . Standard glucose 381 concentration solutions (0 µg ml -1 , 2 µg ml -1 , 10 µg ml -1 , 20 µg ml -1 , 50 µg ml -1 and 100 382 µg ml -1 ) were also prepared, and for each standard, 3 aliquots of 0.33 ml was mixed 383 with 0.66 ml Anthrone Reagent, in order to provide a standard curve of sugar 384 concentration. The order in which reagent was added to the samples was so arranged 385 that one set of standard glucose solutions was reacted at the start, in the middle, and at 386 the end of the assay process. The order in which reagent was added to each set of 387 culture samples was also alternated. Samples were left on ice for 45 minutes. All of each culture were transferred to microcentrifuge tubes and assayed as described Table 2 shows the primers used to amplify glgB and glgC from the E. coli 414 chromosome, as well as those used to remove the EcoRI sites (glgCm1 and glgCm2).
415
All restriction enzymes were purchased from New England Biolabs (NEB) and used 416 according to the manufacturer's instructions. 
